Cell migration in vivo often requires invasion through tissue matrices. Currently little is known regarding the signaling pathways that regulate cell invasion through three-dimensional matrices. The small GTPases Cdc42, Rac and Rho are key regulators of actin cytoskeletal and adhesive structures. We now show that expression of dominant negative forms of either Cdc42, Rac or Rho inhibited PDGF-BB-stimulated Rat1 ®broblast invasion into 3D collagen matrices, indicating that the activity of each of these GTPases is necessary for cell invasion. In contrast, only Rac activation was required for PDGF-BB-stimulated locomotion across a planar substrate in the Boyden chamber. Interestingly, PDGF-induced invasion was also strongly inhibited by expression of constitutively active forms of Cdc42 or Rho, and to a lesser extent by constitutively active Rac. We also show that constitutively active V12-Rac signi®cantly stimulated basal Rat1 ®broblast invasion, independent of PI-3-kinase activity, and that this eect was suppressed by the eector mutant V12/H40-Rac. These results suggest that cellular invasion may require an optimal level of activation of Cdc42, Rho and Rac, and that migration and invasion are dierentially modulated by Rho family GTPases. Oncogene (2000) 19, 580 ± 591.
Introduction
Cell migration is a critical component of numerous physiological and pathological phenomena, including development, wound repair, angiogenesis and metastasis (Price et al., 1997) . Cell motility is a dynamic process requiring the coordinate temporal and spatial organization of the actin cytoskeleton. Studies over the past several years have demonstrated that members of the Rho family of small GTPases are key regulators of the actin cytoskeleton and cell morphology Nobes and Hall, 1995) . Rho proteins constitute a subset of the Ras superfamily of GTP-binding proteins, which act as switches between the inactive GDP-bound state and the active GTP-bound state (Boguski and McCormick, 1993) .
Numerous studies have demonstrated that the Rho family GTP-binding proteins mediate largely independent signaling pathways, which regulate the distinct structures that make up the actin cytoskeleton (reviewed by Van Aelst and D'Souza-Schorey, 1997) . For example, bradykinin-stimulated ®lopodial formation requires Cdc42 (Kozma et al., 1995) , PDGFinduced stimulation of lamellipodia requires Rac , and Rho mediates LPA (lysophosphatidic acid)-stimulated stress ®ber and focal adhesion assembly . In addition, both Cdc42 and Rac stimulate the formation of specialized adhesion complexes (Nobes and Hall, 1995) . Dierent point mutations in Ras superfamily GTPases have produced versions of the proteins, which can act as either dominant negative or constitutively activated forms. The dominant negative activity results from competition with the wild-type GTPase for RhoGEF (guanine nucleotide exchange factor) binding (as reviewed by Feig, 1999) , and constitutive activation from inhibition of the endogenous GTPase. The physiological eect of the dominant negative mutants appear to be very speci®c. For example ®lopodia induction by bradykinin is inhibited by dominant negative N17-Cdc42, but not by dominant negative N17-Rac (Kozma et al., 1995) , whereas N17-Rac inhibited lamellipodia formation by n-chimaerin, which is unaected by N17-Cdc42 (Kozma et al., 1996) .
The precise relationships between the various Rho GTPases are still unclear. In some cases, it has been shown that Rho GTPases can act in a hierarchical signaling cascade in which Cdc42 activates Rac, which in turn activates Rho Nobes and Hall, 1995; Peppelenbosch et al., 1995) . For example, Ras-induced formation of lamellipodia and stress ®bers in Swiss 3T3 cells is dependent upon Rac and Rho, respectively . However, evidence has accumulated over the past few years to suggest an antagonistic relationship between Cdc42 and the other family members, Rac and Rho. Expression of constitutively active V12-Cdc42 can, for instance, impair stress ®ber formation (Kozma et al., 1995) , whereas inactivation of Rho in neuroblastoma cells leads to neurite extension, which is inhibited by either N17-Cdc42 or N17-Rac (Kozma et al., 1997) . Co-expression studies also demonstrate that the balance and coordination of Rho family GTPase activities can determine cytoskeletal response (Moorman et al., 1999) . In addition to their control function in cytoskeletal organization, Rho family GTPases have been shown to also have important roles in transcriptional activation and cell growth (Van Aelst and D'Souza-Schorey, 1997) . With respect to these functions, the Rac, Cdc42 and Rho pathways act largely independently from each other (Van Aelst and D'Souza-Schorey, 1997; Roux et al., 1997) .
The observations that Cdc42, Rac and Rho each control distinct features of the actin cytoskeleton as well as specialized adhesive structures led to the speculation that they all may play a speci®c role in cell motility (Nobes and Hall, 1995) . Indeed, a role for Rho in neutrophil and ®broblast locomotion has been indicated by studies using C3 exoenzyme and Rho-GDI (GDP dissociation inhibitor) to inhibit Rho function (Stasia et al., 1991; Takaishi et al., 1993) and we have recently shown that Rac activity is required for PDGF-BB stimulated cell migration across a porous membrane (Anand-Apte et al., 1997) . Cell migration in vivo however is likely to be a more complex process, frequently requiring invasion through tissue matrices. We therefore set out to determine the role of Cdc42, Rho and Rac in a physiologically relevant cell invasion assay. For this we employed a panel of Rat1 ®broblast lines expressing either dominant negative or constitutively active forms of Cdc42, Rac and Rho, and investigated the role of these GTPases in cell migration through a three-dimensional collagen gel, which provides a physically complex cellular environment. We also compare the invasion properties of these cell lines with their migration across a planar substrate. Our results demonstrate that migration and invasion are dierentially regulated by Rac, Rho and Cdc42.
Results
To investigate the role of the Rho family GTPases in cell invasion we employed a three-dimensional collagen gel assay (Schor, 1980) . Cell motility in this system requires invasion into a type I collagen ®ber matrix. This movement is presumably more complex than cell crawling across a planar substrate, and might be expected to more closely model cell migration in vivo. A ®broblast monolayer was plated onto the surface of 3D collagen gels in the presence and absence of PDGF-BB. Cell invasion into the matrix was quanti®ed after a 96 h incubation period. Microscopic observation revealed that PDGF-BB stimulated Rat1 ®broblast invasion into the collagen gel. Figure 1a illustrates the surface monolayer, while Figure 1b shows the plane of focus beneath the surface, with arrows indicating PDGF-BB-stimulated cell invasion of the collagen matrix. Our strategy employed dominant negative and constitutively activated Rho family GTPase mutants to determine their role in PDGF-BB-stimulated cell invasion into collagen matrices. We chose to use stably transfected Rat1 ®broblast cell lines as an alternative to protein microinjection, where turnover is rapid and the procedure has been reported to aect cell migration (Allen et al., 1998) . These Rho GTPase mutant cell lines have been characterized (Qiu et al., 1995a (Qiu et al., ,b, 1997 , and we and others have demonstrated that expression of these GTPase mutants is not toxic at the levels generated (Khosravi-Far et al., 1995; Anand-Apte et al., 1997; Keely et al., 1997; Clark et al., 1998) , despite the role of Rho family GTPases in the cell cycle (Khosravi-Far et al., 1995; Olsen et al., 1995; Westwick et al., 1997; Qiu et al., 1997) .
Rac mediates basal and PDGF-stimulated fibroblast invasion
To investigate the role of Rac in cell invasion, we used Rat1 ®broblast cell lines which had been stably transfected with Asn-17 (N17)-Rac and examined the motility of these cell lines in the 3D collagen gel invasion assay. Figure 2a demonstrates that expression of dominant negative N17-Rac inhibited the invasive response to PDGF-BB, indicating that Rac activity is required for PDGF-BB-stimulated ®broblast invasion of collagen matrices. N17-Rac expression was con®rmed by Western blot (Figure 2b ). The inhibitory eect of N17-Rac expression on PDGF-BB-stimulated Rat1 ®broblast invasion of collagen matrices was con®rmed by transient expression (Figure 2c ).
In the absence of PDGF-BB, unstimulated cells demonstrate a low level of basal invasion into the collagen matrix. In contrast, expression of constitutively activated Val-12 (V12)-Rac signi®cantly increased basal invasion of the collagen matrix, relative to vector controls (Figure 3a ). V12-Rac expression was demonstrated by Western blot (Figure 3b ). Increased basal invasion by V12-Rac expression was also con®rmed by transient expression of V12-Rac ( Figure  3c ). Our results indicate that Rac activation is sucient to induce ®broblast invasion independent of an external stimulus. In contrast to the signi®cant stimulation of invasion by PDGF-BB of vector control cells, we do not ®nd a substantial increase of invasion (Figure 3a,c) . The decreased level of invasive response to PDGF-BB consistently corresponded with V12-Rac expression levels.
Cdc42 activation regulates PDGF-BB-stimulated fibroblast invasion
To investigate the role of Cdc42 in ®broblast invasion, we studied the response of dominant negative N17-Cdc42 expressing Rat1 ®broblasts to PDGF-BB in the 3D collagen gel invasion assay. Figure 4a indicates that N17-Cdc42 expression resulted in the loss of the invasive response to PDGF-BB. Data were collected using multiple clones to avoid results being aected by clonal variation. Interestingly, invasion was also inhibited by the expression of constitutively activated V12-Cdc42 (Figure 4a ). Thus, overexpression of either N17-Cdc42 or V12-Cdc42 results in abrogation of PDGF-BB stimulated invasion, indicating that invasion of collagen gels by Rat1 ®broblasts may be dependent on an optimal level of Cdc42 activation, in addition to Rac. Expression of dominant negative N17-Cdc42 and constitutively activated V12-Cdc42 was demonstrated by Western blotting, as shown in Figure 4b ,c, respectively.
Rho activation modulates PDGF-BB-stimulated fibroblast invasion
We next examined the eect of N19-Rho and V14-Rho expression on ®broblast invasion stimulated by PDGF-BB in the 3D collagen gel assay. As observed for Cdc42, Figure 5a indicates that the expression of either dominant negative N19-Rho or constitutively activated V14-Rho inhibited Rat1 ®broblast invasion into collagen matrices in response to PDGF-BB. Therefore, Rho activation is also critical for the invasive response to PDGF-BB, in addition to the requirement for both Rac and Cdc42 activity. Expression of dominant negative N19-Rho and activated V14-Rho was con®rmed by Western blotting (Figure 5b ).
In summary, our results utilizing dominant negative Rho family GTPase mutants indicate that Cdc42, Rho and Rac are all necessary for PDGF-BB-stimulated invasion of collagen matrices. In addition, overexpression of constitutively active Cdc42, Rho or Rac all inhibited PDGF-stimulated invasion. This suggests that there is either an optimal level of activation at which these signals work appropriately or that constitutive overexpression may overwhelm appropriate temporal and spatial regulation of these intermediates, prevent- ing their functional activity in mediating cellular invasion. However, only Rac, and not Cdc42 or Rho, induces basal cell invasion into collagen matrices in the absence of PDGF-BB. Transient overexpression of constitutively activated V12-Cdc42 or V14-Rho also did not aect basal cell invasion (data not shown), in contrast to the signi®cant stimulation by V12-Rac expression, con®rming the results using stable cell lines (Figures 2 and 3 ).
Differential effects of the Rho GTPases in cell migration
We established previously that dominant negative N17-Rac expression blocks ®broblast migration to PDGF-BB (Anand-Apte et al., 1997) in the Boyden chamber assay where cells migrate across a porous planar membrane (Boyden, 1962) . Rat1 ®broblast migration in response to PDGF-BB in this assay was con®rmed to be a predominantly chemotactic eect (Anand-Apte et al., 1997). As expression of Rho family GTPase activation mutants had dramatic eects on cell invasion, we next determined their role in cell migration across a planar substrate using Rat1 ®broblasts expressing dominant negative and constitutively activated GTPases in the Boyden chamber migration assay.
V12-Rac in cell migration
Considering the relative decrease in invasive response to PDGF-BB by constitutively activated V12-Rac expressing ®broblasts, we ®rst investigated the eect of V12-Rac expression on ®broblast migration to PDGF-BB in the Boyden chamber assay. Data presented in Figure 6 indicate that V12-Rac overexpression also inhibited the migratory response to PDGF-BB. This was con®rmed with two additional V12-Rac-expressing Rat1 ®broblast clones. Earlier work showed that overexpression of critical chemotactic signaling intermediates leads to decreased PDGF-BB-stimulated migration in the Boyden chamber assay (Kundra et al., 1994b) . Our new data indicate that the level of Rac activation is also crucial for PDGF-BB stimulated migration of Rat1 ®broblasts in this assay.
Cdc42 in cell migration
In contrast to the eects on invasion, Figure 7a demonstrates that N17-Cdc42 expressing cell lines migrated in response to a gradient of PDGF-BB (10 ng/ml), to the same extent as vector transfected control ®broblasts. Thus, in contrast to dominant negative mutants of Rac or Ras (Anand-Apte et al., 1997; Kundra et al., 1995) , altering the intracellular level of dominant negative Cdc42 did not alter directional migration toward PDGF-BB. In addition we found that expression of constitutively activated V12-Cdc42 had no eect on PDGF-BB-stimulated ®broblast migration in this assay (Figure 7a ). To ensure that the source of collagen was not aecting cellular responsiveness, membranes were coated with rat tendon extracted collagen used to form collagen matrices. We found that this did not alter cell migration to PDGF-BB, indicating that this variable was not responsible for the observed dierence between Rho GTPase eects on cell migration and invasion. Expression of either N17-or V12-Cdc42 had no signi®cant eect on basal cell migration of Rat1 ®broblasts, although the basal level exhibited some experimental variation, as observed in Figure 7 .
We then investigated the eect of modulating Cdc42 expression on signals mediated by other classes of membrane receptors. Lysophosphatidic acid (LPA) binds to a G-protein receptor and stimulates actin stress ®ber formation via Rho Kozma et al., 1997) . LPA-directed ®broblast migration was not aected by expression of either N17-Cdc42 or V12-Cdc42 (Figure 7b) . Similarly, integrin mediated ®bronectin-stimulated migration was not aected by overexpression of dominant negative or constitutively activated Cdc42 (Figure 7c) . Thus Cdc42 appears to be non-essential for migration across a planar membrane in response to three migratory stimuli that operate via three dierent receptor classes.
Rho in cell migration
We next examined the role of activation of the Rho pathway in ligand-stimulated migration in the Boyden chamber assay. PDGF-BB-induced directional cell migration in the Boyden chamber assay was not aected by either dominant negative N19-Rho or by constitutively activated V14-Rho expression (Figure 8 ). Thus, modulating the Rho activation state, although sucient to inhibit PDGF-BB-stimulated cell invasion, did not aect cell migration in the Boyden chamber assay. Because LPA-stimulated actin stress ®ber formation had been shown to signal via Rho , we determined the eect of dominant negative and constitutively active Rho mutants on LPA (1 mg/ml)-stimulated migration in the Boyden chamber. Again we found that both N19-Rho and V14-Rho expressing Rat1 ®broblasts eectively migrated in response to LPA at this concentration (data not shown). Fibronectin (1 mg/ml, data not shown) also stimulated the migration of both N19-Rho and V14-Rho expressing ®broblasts in this assay. Thus, like Cdc42, Rho is not required for PDGF-BB-, LPA-or ®bronectin-stimulated migration of Rat1 ®broblasts in the Boyden chamber assay.
We note that the level of expression of the mutant Rho GTPases in these stable cell lines was sucient to result in the characteristic morphological changes associated with the activated mutants (data not shown). However, we also transiently expressed dominant negative Cdc42, Rho and Rac using plasmids encoding both Rho family GTPases and green uorescent protein (GFP), to determine whether expression level in the stable cell lines was inadequate to detect an inhibitory response in this assay. Plasmid transfected, GFP-expressing cells were selected usinḡ uorescence activated cell sorting (FACS). Cell migration to 1 ng/ml PDGF-BB was then determined in the Boyden chamber. Figure 9 demonstrates that the eect of transient expression of these mutants was consistent with data obtained using stable cell lines, such that N17-Cdc42 or N19-Rho did not aect cell migration to PDGF-BB, whereas N17-Rac expression resulted in signi®cant inhibition. Considering that both dominant negative and constitutively activated Rac mutants inhibited cell migration to PDGF-BB, we addressed the question of whether disruption of the axis of Rac signaling would be adequate to inhibit migration, via overexpression of wild-type (G12)-Rac. As shown in Figure 9 , we found that overexpression of wild-type Rac did not aect cell migration to PDGF-BB, suggesting that Rac activation state may be more signi®cant than expression level in cell migration.
In summary, we have shown that the Rho family GTPases have disinct eects on PDGF-BB-stimulated migration in the Boyden chamber. Optimal Rac activity is required, whereas modulating Cdc42 or Rho activation did not aect migration. These data contrast with eects seen in the 3D collagen invasion assay, where activity of Cdc42, Rho and Rac are required. The eects of Rho family GTPases on Rat1 ®broblast migration and invasion are summarized in Table 1 .
V12-Rac-mediated cell invasion: downstream effectors
To investigate the role of downstream eector molecules in V12-Rac-induced cell invasion of collagen matrices, we expressed double mutant forms of V12-Rac, in which additional mutations were made which aect interaction with various eectors, including POR1, ROKa and PAK Westwick et al., 1997) . Expression of V12/N33-Rac, V12/S35-Rac or V12/L37-Rac induced cell invasion to a similar extent as V12-Rac. In contrast, V12/H40-Rac was signi®cantly impaired in the ability to induce invasion (Figure 10a) . Equivalent plasmid expression was demonstrated by Western blot (Figure 10b ). The Y40H-Rac mutation destroys the tyrosine residue conserved in Ras superfamily proteins. The decrease of V12-Rac-induced invasion indicates that the H40 mutant fails to interact with an eector molecule required for the invasive process.
Effect of signal transduction inhibitors on PDGF-BB-stimulated collagen matrix fibroblast invasion
To further investigate the signaling pathways of PDGF-BB-stimulated Rat1 ®broblast invasion we utilized pharmacological inhibitors. Rat1 ®broblasts were plated onto collagen gels and pre-incubated with inhibitor for 1 h prior to addition of PDGF-BB to the culture. Table 2 indicates that none of the inhibitors used signi®cantly aected basal ®broblast invasion into the gels. PI-3-kinase inhibitors, LY294002 (Vlahos et al., 1994) and the structurally unrelated Wortmannin (data not shown) inhibited PDGF-BB-stimulated ®broblast invasion. U73122, an inhibitor of Phospholipase C-g (Smith et al., 1990) , also suppressed PDGF-BB-stimulated ®broblast gel invasion. This data concurs with our previous observation that both PI-3-kinase and PLC-g activity are required for PDGF-BB-stimulated ®broblast chemotaxis in the Boyden chamber (Kundra et al., 1994a) indicating that these pathways may be critical for PDGF-BB-stimulated motility. MEK activity has been shown to be important for ®bronectin-stimulated migration in the Boyden chamber (Anand-Apte et al., 1997). As cell migration into collagen matrices would be expected to involve integrin ligation (Yamada et al., 1990) , we then investigated the eect of the MEK inhibitor, PD98059 
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We also examined the eect of these inhibitors on the high basal invasion of constitutively active V12-Rac-expressing ®broblasts. As shown in Table 2 , we ®nd that LY294002, Wortmannin (data not shown), U73122 or PD98059 had no eect on V12-Racstimulated ®broblast invasion of collagen matrices. These data suggest that these signaling intermediates are required upstream of Rac for PDGF-BB stimulated motility, but that prior activation of Rac, via V12-Rac expression, may circumvent the requirement for this signaling. To investigate this hypothesis further we expressed a mutant regulatory subunit of PI-3-kinase, Dp85, to which the p110 catalytic subunit does not bind, resulting in inhibition of enzyme activity (Wennstrom et al., 1994) , in both control and V12-Rac expressing ®broblasts. Figure 11a shows that Dp85 expression inhibited PDGF-BB-stimulated control cell invasion, but did not aect invasion induced by V12-Rac expression. This data concurs with that obtained using inhibitors and indicates a speci®c role for PI-3-kinase in PDGF-BB-stimulated cell invasion.
Discussion

Effect of dominant negative Rho GTPase expression on invasion
In this report we demonstrate that ®broblast expression of dominant negative forms of Cdc42, Rac and Rho strongly inhibits PDGF-BB-stimulated invasion into a 3D collagen matrix, suggesting that each of these GTPases is necessary for invasive behavior. Invasion is a complex process that relies on the spatial and temporal orchestration of actin dynamics, adhesion and protease activity. A possible mechanism for the role of the various Rho family members in cell invasion is suggested by their diverse functions in the regulation of the actin cytoskeleton, formation of membrane projections and assembly of specialized adhesion complexes. Local changes in intracellular polymeric actin levels can regulate cell movement (Stossel, 1993) . Both Cdc42 and Rac induce actin polymerization (Zigmond et al., 1997; Machesky and Hall, 1997) . Cdc42-controlled ®lopodia may be involved in extracellular matrix recognition (O'Connor et al., 1990) , whereas Rac-induced lamellipodia may be necessary to establish the polarity of locomoting cells. Coordination of these multiple processes is likely to be critical for the complex process of cell invasion. Moorman and colleagues (1999) , recently demonstrated that the balance and coordination of Rac, Cdc42 and Rho activity dictates the ultimate eect on cytoskeletal reorganization. This may explain how expression of any one of the dominant negative GTPase mutants can result in dramatic inhibiton of PDGF-BB-stimulated cell invasion.
Rho family members regulate the formation and distribution of focal adhesion complexes, suggesting an important role in adhesion signaling. Rho function is necessary for establishment of classical focal adhesions (Hotchin and Hall, 1995) , permitting anchorage of stress ®bers to the extracellular environment. Rac and Cdc42 activation induce the formation of smaller adhesion complexes localized to the cell periphery (Nobes and Hall, 1995) . Clark et al. (1998) showed that 2.5+0.6 4.0+0.6 9.3+0.7 LY294002 (2 mM), PD98059 (25 mM) and U73122 (2 mM) inhibitors were overlaid onto collagen gels and vector transfected or V12-Rac expressing Rat1 ®broblasts were plated onto the gel surface as monolayers. Following 1 h incubation, PDGF-BB was added to the culture media of vector control ®broblasts. Percentage cell invasion into the matrix was determined after 96 h incubation, as described in Materials and methods. Data represent mean cell invasion into the gel, relative to vector control, from two independent experiments, each performed in duplicate. Statistical analysis indicated that LY294002, U73122 and PD98059 all signi®cantly inhibited invasion of vector control ®broblasts (P50.001, student's t-test expression of dominant negative Cdc42, Rho or Rac inhibited Rat1 ®broblast spreading on ®bronectin, with individual GTPases mediating alternative signaling pathways. Thus, the Rho family GTPases may exert similar eects on a physiological process, but induce it via dierent pathways.
Effect of constitutively active Rho GTPases on invasion of collagen gels
Our data indicate that expression of either dominant negative or constitutively activated Rho family GTPases suppress PDGF-BB-stimulated cell invasion into collagen matrices. This has not been reported previously for cell invasion. The relative decrease in PDGF-BB-stimulated invasion observed upon V12-Rac expression indicates that additional Rac activation does not stimulate further invasion. This result is compatible with our evidence indicating that Rac activity is required for PDGF-BB-stimulated invasion. We note that higher levels of cell invasion than induced by V12-Rac expression were often achieved, indicating that this response did not merely represent a maximal stimulation. Similar eects of both dominant negative and constitutively active forms of signaling molecules on induced motile behavior has been previously noted (Kundra et al., 1994b; Luo et al., 1994) . One explanation for this is that over-stimulation of the pathway can suppress physiological function. Alternatively, expression of either dominant negative or constitutively activated GTPase mutants could disrupt the dynamic cycling of GTPases between the inactive GDP-bound and the active GTP-bound forms, preventing downstream signaling. It is also possible, however, that the constitutively active and dominant negative GTPases suppress invasion by distinct mechanisms. The dominant negative forms may inhibit because Rho GTPases are needed for the dynamic organization of the various actin structures. In contrast, constitutively active forms might lead to uncontrolled adhesion and disrupt cell polarization and thereby limit locomotive behavior. Our results clearly demonstrate that excess signaling by Rho family intermediates can disrupt cellular invasion, a ®nding that has potential implications for novel therapeutic strategies, in which signaling pathways may be intentionally upregulated to provide inhibition of the invasive phenotype.
The invasive behavior of ®broblasts expressing constitutively active GTPase mutants shows that basal invasion is signi®cantly increased in cells expressing constitutively active V12-Rac, but not V12-Cdc42 or V14-Rho. The emerging literature on the role of Rho family GTPases in cell migration and invasion is complex. Epithelial cell migration across collagen was increased by constitutively activated L61-Rac or V12-Cdc42 (Keely et al., 1997) . V12-Rac or V12-Cdc42, but not V14-Rho, enhanced penetration of a ®broblast monolayer by T-lymphoma cells (Michiels et al., 1995; Stam et al., 1998) , whereas hepatoma cell motility in a similar assay was increased by V14-Rho expression (Yoshioka et al., 1998) . In contrast, activated V12-Rac, V12-Cdc42 or V14-Rho did not increase Matrigel invasion by carcinoma cells (Shaw et al., 1997) . These dierences may re¯ect cell type speci®city (Hall, 1998) , although we cannot exclude the probability that expression levels may explain some of these dierences. Our data clearly indicate that in Rat1 ®broblasts, comparative levels of constitutively activated mutants of Cdc42, Rho and Rac result in dierential eects on basal cell invasion, with activated Rac being stimulatory and Cdc42 and Rho having no eect. Protease activity may be an additional mechanism through which GTPase signaling may modulate extracellular matrix degradation and invasion. In rabbit synovial ®broblasts, V12-Rac expression resulted in increased IL-1a production which induced collagenase-1 gene expression (Kheradmand et al., 1998) . In addition, constitutively activated Ras expression upregulated the PEA3 transcription factor (O'Hagen et al., 1996) , leading to increased protease activity (Gum et al., 1996; Silberman et al., 1997) .
We ®nd that expression of either dominant negative Rac, Rho or Cdc42 will inhibit PDGF-BB-stimulated ®broblast invasion, whereas only N17-Rac was reported to aect conditioned media-stimulated Matrigel invasion by carcinoma cells (Shaw et al., 1997) . It may be that signaling pathways dier substantially between cell types, so that some disparity in the eects of Rho GTPases may simply represent normal dierences between cell types. Actin cytoskeletal dynamics may also be dierent in cells lacking stress ®bers and exhibiting a rounded morphology, such as macrophages, compared to ®broblasts, resulting in a dierent role for Rho GTPases (Allen et al., 1997) . Indeed, macrophage basal motility is increased by expresion of dominant negative N17-Cdc42 (Allen et al., 1998) .
To further investigate the role of Rho family GTPase activation in cell migration and invasion, we overexpressed wild-type (G12)-Rac, to determine whether perturbing the absolute amount of cellular Rac would aect cell motility in a similar manner to V12-Rac expression. We found that in Rat1 ®broblasts wild-type Rac overexpression did not aect basal invasion, or PDGF-BB-stimulation migration and invasion, at least at the levels achieved by transient transfection. Viral infection of BHK cells using wildtype Rho GTPases results in morphological changes associated with the respective activated mutant, with slower kinetics (Moorman et al., 1999) . However, at this expression level all Rho GTPases caused eventual rounding and detachment, which did not occur in our study, with either transient or stable transfected cells, possibly due to dierences in expression levels.
Differential signals in motility and invasion
We ®nd that while expression of dominant negative or constitutively active forms of Cdc42 or Rho modulate invasion, they do not aect cell migration in response to PDGF-BB, LPA or ®bronectin in the Boyden chamber assay, which measures migration across a thin porous ®lter. Directional migration toward a gradient of PDGF-BB in this assay was inhibited only when Rac was blocked, via expression of either activated V12-Rac or dominant negative N17-Rac (Anand-Apte et al., 1997) . We now show that N17-Rac expression also blocks PDGF-BB-stimulated invasion of 3D collagen matrices. This suggests that, for Rac, inhibition of invasion may result from the inhibition of motility, whereas Rho and Cdc42 may in¯uence invasion via a dierent mechanism. The dierent eects of Rho family GTPases on cell migration and invasion may have several causes. The collagen gel invasion assay may represent a more relevant biological system whereby subtle eects of modulating cell physiology are detectable. Alternatively, the parameters that the two assays measure may be distinct. Cell invasion into collagen matrices is likely to be a more complex phenomenon than locomotion across a planar substrate, in terms of (i) cell-matrix interactions, (ii) actin cytoskeletal rearrangements in three-dimensions, (iii) modulation of intracellular signaling by a 3D collagen matrix (Roeckel and Krieg, 1994; Xu and Clark, 1997) , and (iv) invasion and degradation of collagen (Mauch et al., 1989) , and these dierences may explain the additional requirement for Cdc42 and Rho activity.
Signaling pathways mediating cell invasion and locomotion
Our results show that PDGF-BB-stimulated invasion of collagen matrices requires the activity of multiple signaling pathways. PDGF-BB-stimulated cell migration in the Boyden chamber assay proceeds via Ras (Kundra et al., 1995) and Rac (Anand-Apte et al., 1997) and requires activity of both PI-3-kinase and PLC-g (Kundra et al., 1994a; Hooshmand-Rad et al., 1997) . In accord with migration data from the Boyden chamber, our results indicate that PDGF-BB-stimulated ®broblast invasion also requires PI-3-kinase and PLC-g activity. In addition, PDGF-BB-stimulated collagen gel invasion by Rat1 ®broblasts required MEK activity. Although we and others (Anand-Apte et al., 1997; Klemke et al., 1997) , have previously shown that MEK activity is required for extracellular matrix-stimulated motility, MEK activation is not required for PDGF-BB stimulated migration in the Boyden chamber (Anand-Apte et al., 1997), further supporting a more complex form of migration into collagen matrices.
Our data support the hypothesis that PI-3-kinase is upstream of Rac for PDGF-BB-stimulated cell motility (Hawkins et al., 1995; Hooshmand-Rad et al., 1997) , as V12-Rac-induced cell invasion was independent of PI-3-kinase activity. For downstream signaling, an eector interacting at residue Y40 appears to be critical for Rac-mediated invasion, as the mutant V12/H40-Rac decreased V12-Rac induced cell invasion. V12/H40-Rac reduced interaction with POR1 and PAK Westwick et al., 1997) , compared to V12-Rac, suggesting a possible role for these downstream eectors in ®broblast invasion. Indeed, PAK regulates organization of the actin cytoskeleton and increases ®broblast motility (Sells et al., 1999) , and a Ras4PI-3-kinase4Rac4PAK signaling cascade has recently been demonstrated in Rat1 ®broblasts (Tang et al., 1999) . POR1 is involved in V12-Rac-induced membrane ruing .
In conclusion, our results reveal that the Rho family GTPases play a role in cell migration and invasion, consistent with their dramatic eects on the actin cytoskeleton. Rac is important for PDGF-BB stimulated ®broblast locomotion across a planar substrate, whereas Cdc42-and Rho-mediated signaling are not required for this mode of migration. The current observations, along with our previous ®ndings that V12-Rac expression is sucient to confer tumorigenic potential to Rat1 ®broblasts (Qiu et al., 1995a) , suggest an important role for Rac in progression to the transformed invasive state. Signaling via Cdc42 and Rho, along with Rac, is required for PDGF-BBstimulated ®broblast invasion of collagen matrices. Our data provides new evidence for distinct roles for the dierent Rho family GTPases in cytoskeletal regulation, in addition to their dierent roles in cell proliferation and cellular transformation Roux et al.a, 1997; Lin et al., 1999) . Our ®nding that the expression of dominant negative Rho or Cdc42 GTPases have stronger eects on invasion than motility indicate that they may provide unique tools to dissect signaling pathways required for cell invasion. It will be of great interest to determine which of the downstream eectors of these Rho family GTPasees are required for cell invasion and whether these activate independent signaling pathways or converge onto a single pathway resulting in cell migration and invasion.
Materials and methods
Cell lines and vector expression
N17-and V12-Cdc42-expressing ®broblasts were stably transfected using a pCMVneoMyc vector carrying a G418 resistance marker. Cdc42 expressing cells were maintained in Dulbecco's Modi®ed (DME) medium with high (4 g/L) glucose, supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, 100 U penicillin, 2 mg/ml streptomycin, and 400 mg/ml G418. Characterization of these cells has been described previously . Derivatization and properties of N19-Rho, V14-Rho and N17-and V12-Rac1-expressing ®broblasts have been previously described (Qiu et al., 1995a,b) . Brie¯y, Rat1 ®broblasts expressing the tetracycline-sensitive transactivator (tTA) were cotransfected with the pUHD 10-3 vector containing the mutant Rac or Rho cDNA and pBabepuro for selection. Cells were maintained in the same media as above supplemented with 2.5 mg/ml puromycin and 2 mg/ml tetracycline. Vector expression was under the control of a tetracycline repressible promoter. Recombinant Rac or Rho expression was induced by withdrawal of tetracycline 1 ± 2 days before experimentation. Expression of Myc-tagged Cdc42, Rac and Rho mutant proteins was con®rmed by Western blot analysis of cell lysates using anti-mouse 9E10 antibody, followed by HRPconjugated sheep anti-mouse antibody (Amersham Pharmacia Biotech, NJ, USA) and visualized using ECL (NEN, MA, USA). Transient expression studies of pEXV Myc-tagged dominant negative and constitutively activated Rho family GTPases were performed using Lipofectamine Plus (Gibco/ BRL, MD, USA). Cells were plated in the invasion assay 24 h following transfection.
Rho family GTPase mutants were all subcloned from pEXV as EcoRI fragments into the EcoRI site of pIRES2-EGFP vector where green¯uorescent protein (GFP) is transcribed as a separate message from the gene of interest (Clonetech, CA, USA). N19-Rho and V14-Rho were con®rmed to be in the correct orientation by DNA sequencing. N17-Rac was excised from pIRES2-EGFP as a BglII-SalI fragment and cloned into the XhoI-BamHI sites of pIRES2-EGFP in the correct orientation. Similarly, V12-Cdc42 and N17-Cdc42 were excised as SacI-BamHI fragments and cloned into the BglII-SacI sites of pIRES2-EGFP in the correct orientation. Wild-type G12-Rac was subcloned from pUHD 10-3 into pIRES2-EGFP as an EcoRI fragment then excised and recloned into pIRES2-EGFP in the correct orientation, using the same strategy as N17-Rac. V12-Rac eector mutants were cloned into the same vector background to allow direct comparison of their activities. pCGT-V12-Rac, pCGT-V12/N33-Rac and pCGT-V12/L37-Rac were cloned as XbaI-SalI fragments into the NheI-SalI sites of pIRES2-EGFP. pcDNA3-V12/S35-Rac and pcDNA3-V12/ D40-Rac were cloned as BamHI-XbaI fragments, blunted at XbaI, into the NheI-SmaI sites of pIRES2-EGFP. The sequences of all DNA inserts were con®rmed by sequencing. Cells were transfected with plasmid DNA using Fugene 6 (Boehringer Mannheim, IN, USA). Typically greater than 35% transfection eciency was achieved. Equivalent expression of pIRES2-EGFP plasmids was con®rmed by Western blot using mouse anti-GFP clone 7.1 and 12.1 monoclonal antibodies (Boehringer Mannheim, IN, USA). pCMV-3RD85 expression was detected by Western blot using mouse anti-PI-3-kinse p85, N-SH2, clone UB93-3 monoclonal antibody (Upstate Biotechnology, NY, USA), a gift from Dr Eiichiro Nishi (Children's Hospital, Boston, MA, USA).
Boyden chamber migration assay
Cell migration was determined in the 48 well modi®cation of the Boyden chamber assay (Neuroprobe Inc., Cabin John, MD, USA). Chemoattractant was placed into the base wells and separated from the top wells by an 8.0 mm pore Nucleopore PVP-F polycarbonate membranes (Corning Separations, MA, USA), pre-coated overnight with collagen (100 mg/ml) or for 15 min with ®bronectin (7.5 mg/ml) (Collaborative Biomedical, MA, USA). 1.5610 4 cells were pipetted into each upper well of the chamber, which was then incubated for 4 h at 378C in a 5% CO 2 humidi®ed incubator. Membranes were ®xed and stained and non-migrated cells removed before mounting. The number of cells migrating per well was counted microscopically, with four wells per condition, then mean, standard deviation and standard error were calculated. To determine the eect of transient overexpression of Rho GTPase mutants in the Boyden chamber, cells were transfected with pIRES2-EGFP plasmid using Fugene 6 reagent. At 48 h post-transfection cells were suspended and selected by Fluorescent Activated Cell Sorting (FACS) using a 530/30 band pass ®lter on a FACSvantage machine (Becton Dickinson). Cells were sorted on a log scale and cells expressing 10 1 ± 10 4 GFP units were selected, held on ice until resuspended to the correct density, then loaded in the modi®ed Boyden chamber, as above.
3D collagen gel invasion assay
Type I collagen was extracted from rat tail tendons in 3% acetic acid, dialyzed for 2 days against distilled water, diluted to 2 mg/ml and used to make collagen gels as previously described (Schor, 1980) . One ml collagen gels were made in 12 well tissue culture plates and incubated for 2 h at 378C, 5% CO 2 in a humid atmosphere. 0.5 ml of PDGF-BB (R&D, MN, USA) in DMEM was then added to the gel culture. Cells were trypsinized, DMEM containing 10% FBS added to inactivate trypsin, collected by centrifugation, then suspended in DMEM containing 4% FBS and 4% GPS at 3610 5 cells/ml. 0.5 ml of this cell suspension was plated onto the gel surface to give a con¯uent cell monolayer. Considering the 2 ml total volume of the gel culture, this gives a ®nal concentration of 1% FBS/GPS. Gel cultures were incubated for 96 h. Cell migration was assessed microscopically at 6200 magni®cation. Cell number was counted on the surface of the collagen matrix (approximately 70 ± 100/®eld) and the number migrated into the matrix was counted in ten random ®elds per well in duplicate cultures. Data was expressed as percentage cell invasion, calculated as: [cells in gel/(total cells: in+on gel)]6100. This reduces the possibility of increased proliferation aecting results. We noted that there was no signi®cant change in the total number of cells in the gel culture upon addition of 10 ng/ml PDGF-BB during the time course of this assay. Data was statistically analysed using the students t-test, by comparing percentage vector control cell PDGF-BB-stimulated invasion (four values, replicates of two clones) to PDGF-BBstimulated Rho GTPase-expressing percentage cell invasion (4 ± 6 values, replicates of 2 ± 3 clones). Statistical signi®cance was considered at P50.01. Eect of Rho GTPase expression on basal invasion was similarly analysed.
Pharmacological inhibition of signal transduction
3D collagen gel cultures were formed as described above, and overlaid with serum free media containing indicated concentrations of inhibitors. Cells were plated in the gel culture, preincubated with inhibitor for 30 min, then PDGF-BB added (®nal concentration 1 ng/ml). Exposure of cells to PDGF-BB following cell attachment to the collagen matrix did not aect the invasive response. Cell invasion into the gel was quantitated as described above. Wortmannin (10 nM), LY 294002 (2 mM), U73122 (2 mM) and PD98059 (25 mM) were all obtained from Alexis Corporation, CA, USA.
